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Our previous observation that NADP-dependent secondary alcohol dehydrogenase (ADH-1) is down-reg-
ulated in metronidazole-resistant Trichomonas vaginalis isolates prompted us to further characterise the
enzyme. In addition to its canonical enzyme activity as a secondary alcohol dehydrogenase, a pro-
nounced, so far unknown, background NADPH-oxidising activity in absence of any added substrate
was observed when the recombinant enzyme or T. vaginalis extract were used. This activity was strongly
enhanced at low oxygen concentrations. Unexpectedly, all functions of ADH-1 were efﬁciently inhibited
by coenzyme A which is a cofactor of a number of key enzymes in T. vaginalis metabolism, i.e. pyru-
vate:ferredoxin oxidoreductase (PFOR). These observations could be extended to Entamoeba histolytica
and Tritrichomonas foetus, both of which have a homologue of ADH-1, but not to Giardia lamblia which
lacks an NADP-dependent secondary alcohol dehydrogenase.
Although we could not identify the substrate of the observed background activity, we propose that
ADH-1 functions as a major sink for NADPH in microaerophilic parasites at low oxygen tension.
 2013 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Trichomonas vaginalis is a world-wide occurring microaerophilic
human parasite that causes vaginitis in women and urethritis
in men (Nanda et al., 2006). Like other microaerophilic parasites,
such as Entamoeba histolytica and Giardia lamblia, T. vaginalis is. Leitsch).
Y-NC-ND license.incapable of oxidative phosphorylation but generates ATP by sub-
strate level phosphorylation. In laboratory culture, the main energy
source of T. vaginalis is glucose and the major metabolic end prod-
ucts are lactate, acetate, hydrogen and glycerol (Chapman et al.,
1985; Paget and Lloyd, 1990; Kulda, 1999). A key intermediate of
T. vaginalis metabolism is pyruvate which is either reduced to
lactate in the cytosol by lactate dehydrogenase (Kulda, 1999) or
imported into the hydrogenosome, a mitochondrion-related orga-
nelle (Lindmark and Müller, 1973; Carlton et al., 2007). There, it
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ductase (PFOR) which uses ferredoxin as oxidant cofactor. Reduced
ferredoxin, in turn, transfers electrons to hydrogenase resulting in
the formation of hydrogen. In contrast to E. histolytica (Clark et al.,
2007), T. vaginalis does not have a bifunctional alcohol/aldehyde
dehydrogenase, such as alcohol dehydrogenase 2 in E. histolytica,
which generates ethanol through reduction of acetyl-CoA. Instead,
coenzyme A is recycled via succinyl-CoA synthetase and ace-
tate:succinate CoA-transferase (ASCT) (Lindmark and Müller,
1973; van Grinsven et al., 2008), thereby releasing acetate which
is not further utilised.
Nevertheless, ethanol is a metabolic end product of T. vaginalis
metabolism (Ellis et al., 1992), albeit of comparably minor impor-
tance. Arguably, the most probable source of ethanol in T. vaginalis
is acetaldehyde which is reduced by NADP-dependent alcohol
dehydrogenase, also termed alcohol dehydrogenase 1 (ADH-1)
(Leitsch et al., 2012). It was hypothesised that acetaldehyde is
formed by PFOR as a side product under anaerobic condition (Leit-
sch et al., 2012) as described for PFOR from Pyrococcus furiosus (Ma
et al., 1997). In accordance with this hypothesis, ethanol is only
formed under anaerobic condition (Ellis et al., 1992). Further,
expression of this enzyme is down-regulated in some metronida-
zole-resistant clinical T. vaginalis isolates (Leitsch et al., 2012)
which display higher levels of intracellular oxygen (Yarlett et al.,
1986) and strongly decreased ethanol production rates (Ellis
et al., 1992).
The conspicuously high expression of ADH-1 in T. vaginalis, and
the potential link of ethanol production and metronidazole resis-
tance, prompted us to further examine the function of this enzyme.
To this end, ADH-1 was recombinantly expressed in Escherichia coli
and used for biochemical characterisation, including determina-
tion of substrate speciﬁcity and kinetic parameters, and identiﬁca-
tion of inhibitors.2. Materials and methods
2.1. Strains and cell culture
The T. vaginalis strains used were described previously (Leitsch
et al., 2012). Trichomonas foetus KV1 (ATCC 30924) was obtained
from Caroline Frey (University of Berne, Switzerland) and G. lamb-
lia WB clone C6 (ATCC 50803) was obtained from Norbert Müller
(University of Berne, Switzerland). E. histolytica HM-1:IMSS
(ATCC30459) had been in our possession before start of this study.
T. vaginalis was grown as described (Leitsch et al., 2012) in try-
pticase, yeast extract, maltose (TYM) medium (Diamond, 1957). T.
foetus and E. histolytica were grown in TYI-S-33 medium (Diamond
et al., 1978), and G. lamblia was grown in Keister’s modiﬁed TYI-S-
33 medium (Keister, 1983). Cultures were routinely grown in
40 ml culture polystyrene ﬂasks (BD Biosciences). Trypticase was
purchased from BD Biosciences and yeast extract was purchased
from Merck Chemicals.2.2. Recombinant expression of ADH-1
The adh-1 gene (XM_001580551) was ampliﬁed from genomic
DNA of T. vaginalis strain G3 using the primers 50-TAC GTA CGC
ATA TGA CAT TCG AAC TTC CAA AG-30 (forward) and 50-TCA TCC
AGG GAT CCT TAG TGA TGG TGA TGG TGA TGA AGC TTG TCG
TTG TAT TCG ATG-30 (reverse). PCR fragments were ligated into
pET-17b (Novagen) via NdeI (forward primer) and BamHI (reverse
primer) restriction sites. Expression of recombinant ADH-1 was
performed in E. coli BL21-AI (Invitrogen) according to the manufac-
turer’s protocol. The reverse primer encodes a hexahistidine tag for
isolation on Ni–NTA spin columns (Qiagen).2.3. Measurements of T. vaginalis ADH-1 activity with the puriﬁed
recombinant enzyme
If not indicated otherwise, reduction of acetone and acetalde-
hyde was measured at 37 C in 100 mM potassium phosphate
buffer pH 6.25, 200 lM NADPH, and 1 lg ml1 recombinant
ADH-1 by determining oxidation of NADPH at k = 340 nm
(De340 = 6.2 mM1 cm1). Oxidation of 2-propanol was measured
in the same way but at pH 6.75 and by replacing NADPH with
1 mM NADP+. For inhibition experiments appropriate amounts of
coenzyme A, acetyl-coenzyme A, cysteine, or dithiothreitol (DTT)
were added to reactions. All measurements were done in a
Perkin Elmer Lambda 25 UV/VIS spectrophotometer, additionally
equipped with a PTP A Peltier system. Kinetic parameters of
ADH-1 and inhibitory concentrations of coenzyme A (CoA) and
2-propanol on acetaldehyde reduction or on enzyme activity in
abscence of added substrate were calculated using GraFit 7 soft-
ware (Erithacus). NADPH, CoA, acetyl-CoA, DTT, cysteine, acetone,
and acetaldehyde were obtained from Sigma–Aldrich. 2-propanol
was obtained from Merck Chemicals.
For assessing ADH-1 potential role as an oxygen scavenging en-
zyme, following assays were performed: cytochrome c (50 lM)
was added to reactions in order to visualise superoxide anion rad-
ical formation. Reduction of cytochrome c was followed at
k = 550 nm. Hydrogen peroxide formation was measured as de-
scribed before (Wassmann et al., 1999) by monitoring oxidation
of ferrous to ferric iron via formation of pentaaqua(thiocyanato-
N)iron(III) complexes at k = 450 nm after incubation of reactions
for 5 min.
2.3.1. 1H NMR and 13C analysis of product formation from NADPH
oxidation by ADH-1
Phosphate buffer NaH2PO4–Na2HPO4 (0.1 M, pH 6.2) in D2O
(Sigma) was used as a solvent for NMR analysis. ADH-1
(40 lg ml1) and NADPH (5 mg ml1, equalling 6.7 mM) were
added to 1 ml of D2O buffer in 5 mm glass NMR tubes (Wilmad),
along with a selection of other substrates including; sodium bicar-
bonate (Sigma), acetone (Fisher) or formaldehyde (Fisher) at con-
centrations of 100, 50 and 1 mM respectively. 13C and 1H NMR
spectra were recorded at 250 MHz (1H) and 62 MHz (13C) on a Bru-
ker Avance 250 MHz spectrometer equipped with a 5 mm 1H/13C
probe and operating at a temperature of 298 K. Spectra were ac-
quired with 16 pulses (1H) and 256 pulses (13C) over a spectral
width of 14 ppm (1H) and 235 ppm (13C). An acquisition time of
2 s and 0.8 s and a relaxation delay of 1.5 s and 2 s for 1H and 13C
spectra respectively, were employed. The solvent D2O was used
as an internal lock and chemical shifts are expressed as parts per
million (ppm). Compounds were identiﬁed by comparison with
spectra of standard solutions.
2.4. Mass spectrometric analysis
Membrane-inlet mass spectrometry for the detection of H2 was
performed as previously described (Millet et al., 2010).
2.5. Measurements of ADH-1 activity in cell extracts
Fully grown parasite cultures (40 ml) were harvested by centri-
fugation at 800g for 5 min. Pellets were washed once in 20 ml
1  PBS followed by another round of centrifugation at 800g for
5 min. Cell pellets were resuspended in 500 ll of 100 mM potas-
sium phosphate buffer pH 6.25 and lysed with 25 strokes in a
Dounce homogeniser. Cell debris and large organelles were re-
moved by centrifugation at 20,000g for 10 min. Protein concentra-
tions of lysates were measured using Bradford assay. Enzyme
activity was measured in 100 mM potassium phosphate pH 6.25
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200 lMNADPH, as oxidation of NADPH at k = 340 nm (De340 = 6.2 -
mM1 cm1) either without added substrate or with 1 mM acetal-
dehyde. Inhibition experiments were performed by adding 100 lM
coenzyme A or 200 mM 2-propanol. Oxygen-depleted enzyme buf-
fer was obtained by exposition to an anaerobic atmosphere (i.e.
oxygen undetectable and 18% CO2 according to the manufacturer’s
speciﬁcations) as generated by Anaerocult A (Merck Chemicals) in
an anaerobic jar (Merck Chemicals). If not indicated otherwise, all
measurements were repeated at least twice.3. Results
3.1. Enzymatic parameters of ADH-1
The T. vaginalis adh-1 gene (XM_001580551) was ampliﬁed by
PCR from genomic DNA and cloned into a pET17-b expression vec-
tor. Recombinant ADH-1 was expressed and used for the determi-
nation of the enzymatic parameters with the substrates
acetaldehyde, acetone, and 2-propanol (Table 1). Potassium phos-
phate buffer, pH 6.25, was found to be optimal for reduction of
acetaldehyde and acetone. Oxidation of 2-propanol was slightly
faster at pH 6.75. The enzyme showed a marked preference for
the reduction of acetaldehyde and acetone as compared to oxida-
tion of 2-propanol. The Km for acetone was found to be several-
fold lower than that for acetaldehyde (Table 1). Very much to our
surprise, however, we noticed strong oxidation of NADPH even in
the absence of any added substrate. This background activity rep-
resented a substantial proportion of the maximal enzyme activities
measured (3.4 lmol min1 mg1) and was not due to spontaneous
oxidation of NADPH in the enzyme buffer, as determined by mea-
suring oxidation of NADPH in the absence of enzyme. A Coomassie-
stained gel from the enzyme preparation (Supplementary Fig. 1)
showed only very minor impurities of possibly bacterial origin. As-
says were repeated using ultrapure water from two other suppliers
(Sigma, Merck Chemicals) but the background activity remained.
Also different buffers, including 100 mM Tris pH 7.5 and 100 mM
KCl, and ultrapure water alone were tested, giving similar results
(but far lower enzyme activities as such). Further, NADPH batches
from two different sources (Sigma, AppliChem) gave identical re-
sults. Finally, ADH-1 background activity was conﬁrmed in another
laboratory (David Lloyd and Catrin Williams, Cardiff University).
While characterising recombinant ADH-1, we also noticed that oxi-
dation of NADPH was inhibited by 2-propanol with an IC50 of
roughly 100 mM (Table 2), both, in presence and absence of added
acetaldehyde (1 mM). This strongly suggested that the background
activity is also exerted by ADH-1 and not by impurities stemming
from the enzyme preparation. Consequently, the Vmax and Km as
determined for acetaldehyde and acetone were corrected by sub-
tracting background oxidation of NADPH (Table 1).Table 1
Kinetic parameters of ADH-1 were determined with the substrates acetone,
values are given with SEM.
Km (lM) Vmax (lmol min1 mg1) K
Acetaldehyde 180 ± 59 10.03 ± 0.63 6
Acetone 31.3 ± 10.5 9.53 ± 0.78 1
2-Propanol 11570 ± 1250 5.33 ± 0.2 N
NADPHa,e 34.2 ± 8.6 NAc N
NADP+,b 41.2 ± 4.4 NAc N
a As determined with acetaldehyde (1 mM) as substrate.
b As determined with 2-propanol (100 mM) as substrate.
c Not applicable.
d Of all measured values, a background NADPH-oxidising activity of 3.4
e Of all measured values with acetaldehyde, values obtained without ad3.2. Inhibition of ADH-1 by 2-propanol and background NADPH-
oxidising activity can also be detected in T. vaginalis cell extracts
Previously (Leitsch et al., 2012) we had determined acetalde-
hyde reduction rates in cell extracts of four metronidazole-sensi-
tive and ﬁve metronidazole-resistant T. vaginalis isolates. We
wanted to assess whether the enzyme in T. vaginalis cell extracts
showed similar characteristics as the recombinant enzyme and
added 2-propanol to the reactions. Indeed, 200 mM 2-propanol
inhibited reduction of 1 mM acetaldehyde by T. vaginalis G3 extract
by 82% (Table 2). In contrast to our observations with the recombi-
nant enzyme, however, the NADPH-oxidising background activity
was not detectable in G3 cell extract in this experimental setup.
This changed when the enzyme buffer was exposed to an anaerobic
atmosphere overnight, as background activity was now also readily
measurable using T. vaginalis cell extract (Fig. 1). When we mea-
sured background activities in cell extracts of all nine strains, we
observed that, in almost perfect correlation to previous measure-
ments in normal buffer and with 1 mM acetaldehyde, metronida-
zole-resistant isolates tended to have lower background activities
(Fig. 1). Moreover, background NADPH oxidation rates nearly
matched acetaldehyde reduction rates as published recently (Leit-
sch et al., 2012). One of the metronidazole-resistant strains, LA1,
had been previously found to display low acetaldehyde reduction
activity due to an intracellular lack of zinc, which is a cofactor of
ADH-1. Accordingly, addition of 0.5 mM ZnCl2 to the reactions in-
creased background NADPH-oxidising activity in LA1 cell extract
from 258 to 735 nmol min1 mg1. Addition of ZnCl2 to cell ex-
tracts of other strains only had a minimal effect, if any, on back-
ground NADPH-oxidising activity (data not shown). As
determined with G3 cell extract, addition of 200 mM 2-propanol
resulted in a decrease of background activity of roughly 66% (Ta-
ble 2), which mirrors the result previously obtained with recombi-
nant ADH-1.3.3. ADH-1 is efﬁciently inhibited by coenzyme A
In our previous publication on ADH-1 in T. vaginalis (Leitsch
et al., 2012) we had speculated that the enzyme might have a role
in scavenging acetaldehyde which can be a by-product of pyru-
vate:ferredoxin oxidoreductase (PFOR) under strictly anaerobic
condition (Ma et al., 1997). We planned to determine whether T.
vaginalis PFOR produces acetaldehyde and wanted to couple a
PFOR assay with measurements of NADPH-oxidation in the pres-
ence of ADH-1. However, when we conducted preliminary experi-
ments in order to check whether components of the PFOR assay
buffer inhibit ADH-1, we identiﬁed CoA, an essential cofactor of
PFOR, as a potent inhibitor of ADH-1 (Table 3). Both, acetaldehyde
reduction and background NADPH-oxidation were strongly inhib-
ited by CoA when applied in concentrations of 60–100 lM. Inhibi-acetaldehyde, and 2-propanol. All measurements were repeated twice,
m modiﬁed (lM)d Vmax modiﬁed (lM) (lmol min1 mg1)d
80 ± 131 6.9 ± 0.41
69 ± 15 7.01 ± 0.23
Ac NAc
Ac NAc
Ac NAc
lmol min1 mg1 were subtracted.
ded acetaldehyde were subtracted.
Table 2
Inhibitory effect of 2-propanol on the reduction of acetaldehyde and NADPH-oxidising background activity by ADH-1, either with the puriﬁed enzyme (rec. ADH-1) or in T.
vaginalis G3 cell extracts. All measurements were repeated twice, values are given with SEM.
Acetaldehyde reduction
(rec. ADH-1)
Background activity
(rec. ADH-1)
Acetaldehyde reduction
(Tv G3 cell extract)
Background activity
(Tv G3 cell extract)
IC50 96 ± 11 mM 99 ± 58 mM ND* ND*
Inhibition with 2-propanol (200 mM) 62 ± 2% 65 ± 2% 82 ± 4% 66 ± 6%
* Not determined.
Background activity
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Fig. 1. ADH-1 background NADPH-oxidising activity under anaerobic condition in
nine T. vaginalis isolates of which four are metronidazole-sensitive (G3, C1, JH31A,
TV2) and ﬁve are metronidazole-resistant (IR78, Fall River, CDC085, LA1, B7268). All
measurements were repeated at least twice.
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Fig. 2. Inhibition of ADH-1 by CoA. Inhibition by CoA varied with NADPH or NADP+
concentrations in the enzyme buffer suggesting competitive binding of NADPH/
NADP+ and CoA. Upper panel: aldehyde reduction (1 mM acetaldehyde). Lower
panel: 2-propanol oxidation (200 mM 2-propanol). All measurements were
D. Leitsch et al. / Experimental Parasitology 134 (2013) 374–380 377tion of ADH-1 could be observed with the recombinant enzyme
and with T. vaginalis cell extract alike (Table 3). We further ob-
served that the extent of inhibition depended on the NADPH con-
centration in the buffer (Fig. 2a), suggesting competitive binding
of NADPH and CoA to ADH-1. Interestingly, also oxidation of 2-pro-
panol was inhibited by CoA (Fig. 2b). Congruently, the extent of
inhibition depended on the NADP+ concentration in the buffer
(Fig. 2b). Inhibition was not due to the thiol group as such, as
10 mM cysteine did not inhibit ADH-1 at all (not shown) and
10 mM b-mercaptoethanol resulted only in a modest inhibition
of acetaldehyde reduction of about 25%. However, acetyl-CoA had
no inhibitory effect on ADH-1 (not shown).repeated at least twice.3.4. ADH-1 activity can also be measured in cell extracts from E.
histolytica and T. foetus
In order to assess whether our novel ﬁndings on ADH-1 do only
apply for T. vaginalis ADH-1 or also for homologous enzymes in
other organisms, we assayed NADP-dependent alcohol dehydroge-
nase activity in cell extracts of E. histolytica and T. foetus. As ex-
pected, NADPH-dependent acetaldehyde reduction could also be
measured in cell extracts from these two parasites (Table 4). In
accordance with our observations in T. vaginalis, this enzyme activ-
ity was inhibited by 2-propanol and CoA (Table 4). Furthermore,
considerable background NADPH-oxidation, which was also inhib-
ited by 2-propanol and CoA, could be measured in reaction buffer
exposed to an anaerobic atmosphere over night (Table 4). In cellTable 3
Inhibitory effect of CoA on the reduction of acetaldehyde and NADPH-oxidising background
cell extracts. All measurements were repeated twice, values are given with SEM.
Acetaldehyde reduction
(rec. ADH-1)
Backgro
(rec. AD
IC50 63 ± 17 lM 100 ± 9
Inhibition with CoA (100 lM) ND* ND*
* Not determined.extracts of G. lamblia, which lacks an NADPH-dependent secondary
alcohol dehydrogenase, no NADPH-dependent acetaldehyde reduc-
tion or background NADPH-oxidation in anaerobic buffer could be
detected (Table 4).
3.5. Failed attempts to identify of the substrate of the background
NADPH-oxidising activity
Based on our observation that background NADPH-oxidising
activity occurs even in aqueous 100 mM KCl solution, we specu-
lated that only following compounds could be substrates of ADH-
1: (1) molecular oxygen, resulting in the formation of water or
reactive oxygen species such as hydrogen peroxide or the superox-activity by ADH-1, either with the puriﬁed enzyme (rec. ADH-1) or in T. vaginalis G3
und activity
H-1)
Acetaldehyde reduction
Tv G3 cell extract
Background activity
Tv G3 cell extract
2 lM ND* ND*
80 ± 2% 76 ± 2%
Fig. 3. 1H NMR spectrum of 2-propanol ((CH3)2 doublet peak at 1 ppm) produced by the reduction of acetone, substrate concentration 50 mM acetone in D2O/100 mM Na
phosphate, pH 7.2 buffer. Chemical shifts of the single and hydroxyl proton of 2-propanol are indicated by an asterisk. Reducing power derived from NADPH (at 8–8.25 ppm).
Table 4
NADP-dependent secondary alcohol dehydrogenase activity in E. histolytica, T. foetus, and G.lamblia cell extracts and its inhibition by 2-propanol and CoA. All measurements were
repeated twice, values are given with SEM if not indicated otherwise.
Aldehyde reduction
(nmol min1 mg1)
Background NADPH
oxidationa
(nmol min1 mg1)
Inhibition
2-propanolb aldehyde
reduction
Inhibition 2-propanolb
background NADPH
oxidation*
Inhibition CoAc
aldehyde reduction
Inhibition CoAc
background NADPH
oxidation*
E. histolytica 300 ± 119 236 ± 21 80 ± 11% 70 ± 4% 62 ± 22% 52 ± 3%
T. foetuse 136 128 60% 65% 60% 67%
G. lamblia 0 0 NAd NAd NAd NAd
a Under anerobic condition.
b At a concentration of 200 mM.
c At a concentration of 100 lM.
d Not applicable.
e Only measured once.
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gas; or (3) carbon dioxide, resulting in the formation of formic acid
or formaldehyde.
In order to address hypothesis 1, we added cytochrome c
(50 lM) to reactions and monitored cytochrome c reduction in a
spectrophotometer. In the presence of superoxide radicals, cyto-
chrome c is reduced, resulting in increased absorption at
k = 550 nm. Further, hydrogen peroxide formation was tested by
monitoring oxidation of ferrous to ferric iron via formation of pen-
taaqua(thiocyanato-N)iron(III) complexes at k = 450 nm. Both as-
says gave a negative result. In order to test, whether ADH-1 can
reduce oxygen directly to water, reactions were allowed to proceed
for 5 min. Afterwards, 0.5 mM of fresh NADPH, 10 lM FMN, and
1 lg ml1 of T. vaginalis ﬂavin reductase 1 (Leitsch et al., in prepa-
ration), an enzyme that reduces oxygen to hydrogen peroxide via
FMN or other ﬂavins were added and hydrogen peroxide formation
was measured as described. No altered hydrogen peroxide forma-
tion as compared to controls could be observed, indicating that the
oxygen concentration had remained unaffected by ADH-1. In order
to address hypothesis 2, hydrogen gas formation was measured by
membrane-inlet spectrometry. However, no hydrogen gas forma-
tion could be observed. Hypothesis 3 was tested using NMR spec-
troscopy upon addition of sodium bicarbonate (10–100 mM) as a
carbon dioxide donor. Again, no products could be detected. In
contrast, formation of 2-propanol from acetone was readily ob-served (Fig. 3). Furthermore, addition of acidiﬁed sodium bicarbon-
ate did not result in increased NADPH oxidation, arguing against
carbon dioxide as a substrate.4. Discussion
In this study we characterised recombinantly expressed NADP-
dependent secondary alcohol dehydrogenase, or alcohol dehydro-
genase 1 (ADH-1), from T. vaginalis. While we were preparing the
present manuscript, a study was published by Sutak et al. describ-
ing puriﬁcation of ADH-1 from T. vaginalis cell extract and its sub-
sequent characterisation (Sutak et al., 2012). Interestingly, the
determined kinetic parameters of the enzyme differ in various as-
pects form those presented in this study. The most conspicuous
differences are the determined Km’s for 2-propanol and NADP+.
Whereas Sutak et al. measured a Km of 558 lM for 2-propanol,
the value we measured was more than one order of magnitude
higher, 11.6 mM (Table 1). In contrast, we found the afﬁnity of
ADH-1 for NADP+ to be very similar to that for NADPH, i.e.
41 lM vs. 34 lM (Table 1), whereas Sutak et al. measured a Km
of more than 500 lM for NADP+. Further, in our hands, the mea-
sured Vmax’s for acetaldehyde, acetone, and 2-propanol were quite
similar (Table 1), whereas acetone was almost ten times faster re-
duced than 2-propanol oxidised when using ADH-1 puriﬁed from
D. Leitsch et al. / Experimental Parasitology 134 (2013) 374–380 379T. vaginalis extract (Sutak et al., 2012). Since the measured Km’s for
acetaldehyde, acetone, and NADPH are much more congruent be-
tween both studies, it is likely that the observed discrepancies
are brought about by post-translational modiﬁcations, either in E.
coli or in T. vaginalis. However, the conclusion by Sutak et al. that
reduction is favoured to oxidation by ADH-1, could be conﬁrmed
by us.
A novel observation was the marked background activity of
ADH-1 in absence of any added substrate (3.4 lmol min1 mg1).
We recalculated the Km’s determined for acetaldehyde and ace-
tone accordingly by subtracting the observed background activity
from the measured values with added substrate. This raised Km’s
signiﬁcantly: from 31 to 169 lM in case of acetone, and from
180 to 680 lM in case of acetaldehyde (Table 1). Although we were
unable to identify the substrate of this reaction, it can be ruled out
for several reasons that background activity of ADH-1 is due to
impurities in the enzyme buffer or due E. coli proteins stemming
from the puriﬁcation procedure of the recombinant enzyme: back-
ground activity was consistently observed with buffers and solu-
tions without any organic component (potassium phosphate
buffer, aqueous KCl solution) which had been prepared with ultra-
pure water from three different suppliers. Furthermore, this en-
zyme activity was observed in two different laboratories
(Medical University of Vienna and University of Cardiff) utilising
different chemicals and instruments. As background activity of
ADH-1 was also observable with cell extracts of T. vaginalis
(Fig. 1), and as this activity was inhibited by coenzyme A and 2-
propanol, regardless of whether puriﬁed enzyme or T. vaginalis cell
extract was used (Table 3), it is highly improbable that co-isolated
E. coli proteins caused the observed effect. Moreover, NADPH-oxi-
dising background activity in the absence of any added substrate
could also observed in E. histolytica and T. foetus (Table 4), both
having an NADP-dependent secondary alcohol dehydrogenase. In
accordance with our ﬁndings with T. vaginalis, NADPH oxidation
was inhibited by CoA and 2-propanol (Table 4). In contrast, when
using cell extracts of G. lamblia, which lacks a homologue of
ADH-1, no NADPH-oxidising background activity could be
measured.
Presently, the physiological function of this enzyme remains
unresolved. In our previous paper on ADH-1 (Leitsch et al., 2012),
we speculated that that acetaldehyde might be formed by PFOR
in the absence of oxygen which, in turn, would be reduced to eth-
anol by ADH-1. Indeed, ethanol is only formed under strictly anaer-
obic condition (Ellis et al., 1992) and the inhibitory effect of CoA on
ADH-1 activity also suggests a link to hydrogenosomal pathways.
Accordingly, Sutak et al. (2012), observed a major shift in the com-
position of metabolic end products when acetone was added to the
growth medium, production of acetate being enhanced and that of
lactate being decreased. However, as T. vaginalis hardly produces
any acetone (Sutak et al., 2012) and as ethanol is only a minor met-
abolic product, it is difﬁcult to put into perspective the extremely
high expression level of ADH-1, making up to 2% of total protein
visualised on 2D-gels from T. vaginalis extracts (Leitsch et al.,
2012). Sutak et al. speculated that ADH-1 has a protective role
against elevated acetone levels in urine during ovulation but E. his-
tolyitca, which colonises the large intestine, also expresses very
high levels of this enzyme (Kumar et al., 1992; Leitsch et al., 2005).
Interestingly, we only observed signiﬁcant NADPH-oxidising
activity in cell extracts after exposure to an anaerobic atmosphere
(Fig. 1). Although the nature of the substrate of this reaction re-
mains unresolved, it is reasonable to assume that it is also present
in the cell. In this case, ADH-1 would function as a major sink for
NADPH at low oxygen tension. In the presence of oxygen, this func-
tion might be redundant as NADPH is utilised by ﬂavin reductase
(Leitsch et al., 2012) in order to form hydrogen peroxide. In this
context, it is interesting to note that ADH-1 is down-regulated inmetronidazole-resistant T. vaginalis strains (Leitsch et al., 2012)
which have impaired oxygen scavenging mechanisms (Yarlett
et al., 1986) and, consequently, higher intracellular oxygen levels.
Thus, ADH-1 might have an essential function, i.e. recycling NADP+,
only under anaerobic condition. Supposedly, this also applies for T.
foetus and the non-related parasite E. histolytica. In light of the po-
tential importance of this pathway, further work on secondary
alcohol dehydrogenases in microaerophilic parasites is imperative.Acknowledgments
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